B) In wild-type embryos, the division of the EMS blastomere is in an anterior-posterior (A/P) orientation. (C) In dsh-2(or302) embryos, the EMS spindle often orients such that it is not aligned along the A/P axis (shown dorsoventrally skewed). Prior to division, the spindle rotates into a wild-type, A/P orientation. (D) In wild-type embryos, ABar divides perpendicularly and transversely to ABpr. (E) In a dsh-1(RNAi); dsh-2(or302)
, we examined DSH-2 lolower penetrance (10% and 8%, respectively) ( Table 1) . calization in the early embryo via antibody staining. This suggests that each Dsh participates in positioning DSH-2 has a predominantly cytoplasmic localization the EMS spindle.
through the early 4-cell stage. During the late 4-cell Redundancy between the three Dshs could explain stage, it redistributes to the cortex of most blastomeres why a Dsh has not been identified in screens targeting but is enriched at the boundary between P2 and EMS spindle alignment and cell fate mutants. To test for rethrough the early 6-cell stage ( Figure 2E ). This localizadundancy between the three Dshs, pairwise removal of tion is consistent with P2 signaling to EMS to specify gene function was performed. The most highly penetrant endoderm fate and EMS spindle orientation. Between defects occur in dsh-2(or302); mig-5(RNAi) embryos the late 6-and 32-cell stages, DSH-2 staining is evenly (48%) ( Table 1) . Simultaneous removal of dsh-1 function distributed at the cortex of all cells, including all AB via RNAi has essentially no effect on the frequency of granddaughters (data not shown). Staining for DSH-2 is defects in dsh-2(or302) embryos ( Table 2 ). This suggests that in ABar, spindle orientation is regulated by both KIN-19 and GSK-3 through the ␤-catenin-independent, Wnt spindle alignment pathway.
src-1 and Spindle Alignment in ABar
Since removal of src-1 strongly enhances Wnt-dependent spindle alignment defects in EMS (Bei et al., 2002) , we examined the role of src-1 during the alignment of the ABar spindle. Removal of src-1 by RNAi results in weakly penetrant ABar spindle misalignment phenotypes (19%) ( Table 2 ). When the function of src-1 and mig-5 are removed together by RNAi, the frequency of ABar spindle misalignment (65%) is only slightly increased from the frequency of mig-5(RNAi) alone (52%). The frequency of embryos with spindle misalignment when both src-1 and dsh-1 function are removed by RNAi is only slightly higher (22%) than that seen following src-1(RNAi) alone. As with EMS, src-1(RNAi) in dsh-2(or302) mutants strongly enhances the frequency of misalignment of the ABar spindle (96%). Therefore, SRC-1 appears to act in parallel with the Dshs, especially DSH-2, to control orientation of the ABar spindle.
The Wnt Spindle Orientation Pathway in ABar
Requires Interaction with C Since ABar spindle orientation is presumably controlled by a localized Wnt signal, we sought to identify the source of this signal. One candidate is the C blastomere. Shortly after C is born, it establishes contact with ABar ( Figures 3A-3BЈ ). The fate of C is largely controlled by the Caudal homolog, PAL-1 (Hunter and Kenyon, 1996). Manipulation of the fate of C via pal-1 RNAi was used to determine whether C contributes to ABar spindle alignment. The ABar spindle is misaligned in 15% of pal-1(RNAi) embryos (n ϭ 13). Interestingly, in the cases of ABar misalignment, the C blastomere is positioned such that it never contacts ABar ( Figures 3C and 3CЈ) . A similar result is also observed by laser killing the ABp blastomere ( Figures 3D and 3DЈ) . In 100% of the em- Table  2 ). The ABar spindle fails to rotate in 6% of the popAlthough the Wnt/␤-catenin pathway does not determine the final orientation of the ABar spindle, we found 1(RNAi) embryos; in these cases, a slight mispositioning showed that MS is capable of orienting the suggest that DSH-2 also contributes significantly to spindle of AB granddaughters in isolated blastomeres ABar spindle orientation. DSH-1 seems to play only a independent of MOM-2 function. Given the physical minor role, since dsh-1(RNAi) does not result in ABar proximity of the blastomeres to ABar in the wild-type spindle defects unless performed along with migembryo, MS may produce a MOM-2-independent signal 5(RNAi). This combination may remove enough total Dsh that ultimately affects positioning of the ABar centroprotein to prevent ABar from dividing correctly. In consome further from C. Our data further suggest that abtrast, when dsh-1 function is removed in combination normalities in the fate of EMS daughters result in rotation with that of dsh-2, the amount of MIG-5 present may defects. In wrm-1(RNAi) embryos, both EMS daughters be sufficient to maintain the total Dsh protein at a high become MS-like, and ␤-tubulin::GFP analysis reveals enough level that the removal of dsh-1 function has no that the centrosomes of ABar do not rotate properly in effect. Alternatively, the Dshs may have slightly different many cases. If a signal that aids orientation of the spindle functions in regulating spindle orientation.
of ABar is normally secreted by MS, the two MS-like In Wnt signaling mutants, defective EMS spindle oridaughter cells specified in wrm-1(RNAi) embryos could entation is eventually corrected to the proper orientaproduce competing signals that result in spindle rotation tion, which is presumably due to the activity of the paraldefects in ABar. Similarly, when both of the EMS daughlel src-1 pathway (Bei et al., 2002) . In contrast, the Src ters adopt an E-like fate, as in pop-1(RNAi), altered sigpathway does not rescue spindle defects in ABar, alnaling from EMS daughters could again lead to a similar though we have shown that the src-1 pathway does phenotype. In these cases, the centrosomal positioning influence ABar division. At this time, targets of SRC-1 presumably relies solely on the Wnt signal from C to in spindle orientation are unknown. It is possible that eventually position the spindle in the correct orientation. one or more of the Dshs are SRC-1 targets; however, the more severe phenotype of src-1 mutants in EMS Conclusions suggests that other targets are also affected. InterestIn conclusion, spindle orientation in the early C. elegans ingly, in EMS and ABar, removal of src-1 function along embryo is regulated through a Wnt spindle alignment with the function of either dsh-1 or mig-5 has very little pathway involving the Dshs and KIN-19 but independent additional effect on spindle polarity; however, when of gene transcription. In addition, in ABar, the Wnt/ src-1 function is removed in dsh-2(or302) mutants, spin-␤-catenin pathway regulates the timing of spindle rotadle misalignment is enhanced to nearly complete penetion in a transcription-dependent manner, presumably trance in EMS and ABar. Thus, while the three Dsh proindirectly by altering the fates of E and MS. The compoteins act partially redundantly, there may be differences nents of the Wnt spindle orientation pathway downstream of KIN-19 and GSK-3 are unknown; future work in how they impinge on other pathways.
